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SUMMARY

A wide variety of fuels are examined to determine those suitable

for an external combu:3tion application in a specified range of flight

conditions. The original list of 27 fuels in 5 classes is reduced to 9

which are potentially acceptable. The 5 classes of fuels examined

are, hydrocarbon and alcohol lirquids, hydrocarbon gases, hydronitrog(.ns,

pyrophoric fuels and monopropellants. The nine selected fuels are:

JP-4, JP.-•,. acety ene, TEA, TMA, TEB, TBB, pentaborane and

aluminam borohydricte. Further considerations regarding ignitability,

stability of combtsticn and availability aad cost indic ate that only TEA,

TMA, TEB and mixtures of hydro,'.arbons and these three pyrophoric

fuels may be acceptable.
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I. INTRODUCTION

Recent developments in the control of hypersonic, atmospheric vehicles

using combustion techniques (I. 1)* and external burning lift-thrust devices

(I. 2) require the use of fuels with unique properties. This stems from the

adverse gas dynamic conditions under which the combustion must occur; for

example, in many instances the free-stream flow is supersonic. As a result

an ideal fuel would be one possessing all of the following properties:

1. Ea4e of storage. In this regard, fuels which are in the liquid phase

at normal temperatures and pressures are preferable to those which are

gaseous at these conditions and must be carried either at high pressure

or cryogenically. Migh liquid fuel density is also desireable.

2. Ease and repeatability of ignition. It is clear that fuels which are

pyrophoric under the flight conditions of interest possess an advantage

over those which must be ignited by an external sourc, ; for example,

spark ignition.

3. Low ignition delay and c emical reaction times.

4, High energy content.

5. Wide limits of inflammability.

6. Low heat of vaporization permitting rapid flashing of the liquid

fuel into vapor.

7. A high degree of flame stability and good efficiency of combustion.

8. A ready availability and reasonably low cost.

*Number. in parentheses refer to references at the end, of the report,
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Clearly, no single fael possesses all of the above characteristics and,

as a result, the fuel(s) must be chosen on the basis of a specific mission

requirement and must incorporate all the properties necessary to success-

fully carry out the mission. In Section II, a particular flight rela;re-ment

is set forth and a number of potential fuels are evaluated in Section III. On

the basis of the criteria outlined above, nine possible fuels are se&lctf d and

their properties are discussed in Section IV.
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II. FLIGHT CONDITIONS

[ As an example of flight conditions involving the use of external combusi-

tion for hypersonic vehicle control, the following coaditions are assurned:

Burning is desired on the surface of art 8o hailf-angle cone travclling in

the velocity range of

6,000 <: V 10,000 ft. /ser-

in the altitude range of

3,000 . h ! 20,000 ft.

Under these altitude conditions, Reference (I. 3) indicates the following

ranges ()f static temperature, pressure and density and velocity of sound:

508.0 5; TOD 447.4 OR

18Q6. 6 ! p O 972. 49 lb/ft 2

C. 06998 1P o 0. 04075 lb/ft 3

i,105, 3 s a OD 1037. 3 ft/sec

Using the data presented in Reference (1. 4) for supersonic flc&. *ver cones,

t0'e following ranges may be readily evaluated fox condicions on the cone

ourface: 14 14 s pc 19 48. 10 psia

135 T c T p350 OtF

z990 • ro C 8350 OF

4.7 f M.C: 7.5

S850 S V,. . 9850 ft/Oec
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It should be pointed out here that the temperat.•res t0--oughout much

of the boundary layerx may be slh tantially higher than the inviscid static

temperatures indicated above. The importance of this fact with regard

to ignition of the fuel-air mixture is apparent.
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In. FUEL SELECTION

In Table I, a large number of fuels are tabulated along with several

relevant properties of these fuels obtained from References I1. 1-7, I11. 1-5

and IV, 1-2. The fuels chosen for initial examination fall inio five general

categories:

Class 1. Hydrocarbon and Adcohol Liquids

Class 2. Hydrocarbon Gases

Cia•s 3, Hydronitrogens

Class 4. Pyrophoric Fuels

Class 5. Monopropellants

In an effort to select fuels which might re'?5onafbily fulfill the external

burning requirement set forth, in the previous tection, the following parameters

were iselected for exarrinat'oi:

'. Normal boiling point. When this parameter fails in the range o0"

rocmn temperature and abovM, the fuel may be readily stored and carried

in t~he liqirld state, All the class I f£ els have boiling points in this range

(Methyl alcohol is marginal) as do hydrazine (Class 3, ) the Class 4 fue.s,

anJ the Class 5 fuels {hydrogen peroxide is also m4rgitial). The remaining

fuels muwt bhe stored under pressure and/or under rt,,,frzgetation. .7t •:,hnuld

be noted here that hydrogen has been otitted from consideration entirely

because of its eirk-emely low N. B. P. (-,122. 9 0 F), necessitating dcffic' ,lt

and weighty cryogenic stcrage.



TM 109
page 8

2. Liquid density, Due to si-pace (voluhne) iimitaUons, a higk liquid

density is des ireabie. Conversely, for a givenL volu me alltuttzt;nt, a high

liquid deqset vermi-Jts the t.arryirng of additional fuel. An exanmination of

1`,abie I indicates tthat buttane, beptane, hexane, octahne, the Class 2 fuels,

ammonia, 'fEB, pentaborane, and alumimnt bor, ydtride possess retatively

low liquid densitjes (less than, say, 45 lb. !ft. 3).

3. Heat of varorttion, A~s pointed out in Section I, for aii, e.xte; nal

burning application, r-apid flashing of xtle liquid fuel to the vapor phase is

desireable. From .Table I, it may be seen that most of the futls have a

fairly low Alv (say, less than 200 BTU/lb.) ývith the exception of acetone,

ethane, ethylene, pentaborane and nitrornethane, which are marginally poor,

and the following which have substantially higher heats of vaporization: ethyl

aicohol, methyl alcohol, the hydronitrogens and hydrogen peroxide.

4. Heat of combustion. This serves as a measure of the thermal energy

which can uittnnattely be extracted from one pound of fuel. As such, a high

value is always desireable. In this case, acetone, ethyl alcohol, methyl

alcohol, the hydronitrogens and especially the mnonopropellants are inferior.

Pentaborane and alur•tnurn borohydride -ave particularly high values of il'He.

5. Limits of inflammiability. For any combustion application, wide

flammability limits are desireable. Table I indficates values fo.t thiux para-

meter in air at ,atandarc1 initial conditions. .An outstanding Fuel in. this regard

is a cetylne whose limics etceed even. those t i hrdrogen (,. 1-74% by volume,).
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The Class 4 .'uel, by th!dir pyroluoric narure, will react with almost any

quant-,ty of oxygen. preet. (1" a:iborane appears to be somewhat restricted

in this zregard. ) M1-yd-.mine possesses excepticnally wide lirnit-; also.

6. Spontaneous iitnition temperature. It is clear that a low value of

this parameter circumnvents the difficulties which carrying an ignition source

engenders., Dy definition, the pyrophoric fuels have very low ignition temp-

eratum;s. especially TEA, TMA and aluminurn borohydride. Recalling that

135 f Tc 9 350 OF

and that boundary layer temperatures will be somewhat higher, it may be

seen that the following fuels might also prove satisfactory at the conditions

of, interest: heptane, hexane, pentane, octane, JP-4, JP-5, acetylene and

h.ydrazine.

Using the above criteria, the following fuels are judged to be satisfactory

for the specified application:

Class I. JP-4 and JP-5 which possess reasonably high liquid densities,

low AHv . average &Hcand limits of inflam -nability, and low ignition tempera-

ture,

Class 2. Acetylene, which in spite of the necesaity of carrying it under

prm.,ssurt (ov at low tempetrat 4 r ), must be considered by virtue of its vcry

wide flarm2mability limnits ard reavoniably low spontaneoua igxition temperature.

Class 3. Both Iuels areý precluded. frolm uee as a 2-eAuIt of their low heats

cof (2 mbuoY on ~rChigh heawtý cd vaort. ýýJon.
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Class 4. All six fuels tabulated in this category are acceptable for use

on the basis of this initial evaluation.

Class 5, Very low heats of combustion, and a high 6H1in the case of

hydrogev peroxide, eliminate the fuels in this class from further consider-

ation.

In. the next sect' a closer examination is made of the nine fuels

selected above.
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I IV. PROPERTIES OF SUITABLE FUELS

The nine fuels selected for further evaluation are JP-4, JP-5, acetylene

and the pyrophoric fuels: TEA, TMA, TBB, pentaborane and aluminum

borohydride. In this section, a closer evaluation is made of the physical

and thermochemical properties of these fuels, as well as a discussion of

availability and cost.

A. Physical Properties

Curves of vapor pressure as a function of temperature are shown in

Figure 1. An examination of the acetylene curve indicates that at room temp-

eratures, pressures in excess of 700 psia will be required in order to carry

this fuel in the liquid phase. Alternatively, iL liquid acetylene is carried

under its own vapor pressure at, say 50 psia, a temperature of about -85°F

is required. The remaining fuels are readily carried as liquids. In the cases

of TEA, TBB and JP-5. fairly high temperatures are necessary to ensure

Gaching into the ývapor phase. For example, at a pressure of 30 psia (which

is in the range of the cone pressures), TEA requires a treiperature of about

4000 F, TBB about 450OF and JP-5 about 4701F to bring about a phase change.

In applications where flashing to the vapor phase is ifesireable to promote

stable combustion, these fuels may prove unsatisfactory.

On the other hand, these three fuels possess higher liquid densities than

the others, as shown in Figure 2. TEB, pentaborane, and aluminum born -

hydride have soniewhat lower liquid densities, particularly the last.-ndmed.
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Clearly a more specific mission requirý,ment is necessary in order to reach

a decision on the minimum acceptable liquid density.

Other physical properties of these fuels of less immediate interest (e. g.

surface tension, viscosity, etc. ) are readily obtainable from the cited

references.

B. Thermochemical Properties

Kith the exception of pentaborane and aluminum borohydride, the fuels

chosen have heats of combustion in the hydrocarbon range of 18, 000 - 20, 000

BTu/lb. (see Table I). Pentaborane has the highest AHc (29, 100 BTU/lb.),

which may make it preferabbWcior applications in which particularly high

temperatures or velocities are desireable. However, its range of pyro-

phoricity is restricted (Figure 3). No data is available on its ignition delay

or chemical reaction times. In addition, there are limitations on pentaborane's

cost and availability, as will be discussed subsequently.

Aluminum borohydride also possesses a sornewhat higher heat of combus-

tion (24, 800 BTU/lb. ). It is, in addition, very highly reactive when compared

with other pyrophoric fuels. For example, in Reference I. 5 it is shown that

at the adverse tunnel conditions of Mach 2 flow (2. 8 psia, 312°R), aluminum

borohydride and hydrocarbon-aluminum borohydride mixtures (22%/ and 41%0

by weight of JP-4) ignited easily on the tunnel wall (pentaborane ignited with

less ease), whereas TMA, TMB, TEB and other pyrophoric fuels tested

either failed to ignite or burned it- the tunnel diffuse;r. A severe restriction
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to the use of aluminum borohydride, however, lies in its lack of availability

I and inordinately high cost, as will be discussed presently.

The remaining pyrophoric fuels are similar in characteristic,; except

for the somewhat high spoitaneous ignition tempeeature of TBB (190 0 F).

Their small ignition delay times when compared with the JP fuels and

acetylene are demonstrated in Figu,. es 4 and 5. It should be pointed out

that all the pyrophoric fuels poseeis the disadvantage of creating solid

constituents as a product of combustion. For the case of the aluminum-

contai~aing fuels, this product is aluminum oxide (Al?0 3 ) and for the boron

compounds, it is boric oxide (B 2 0 3 ). The detrimental effect of these solid

constituents genervly takes the form of plugged valves, pipes and injectors

unless extreme care is taken. Even then the problem may be ainavolidable.

Here again, a further definition of the overall mission requirement and equip-

rnrnt is necessary prior to reaching a decision on the use of these fuels.

For the problem at hand, the JP fuels or acetylene might prove adequate.

In the event that the elevated boundary layer temperatures are insufficient

to ignite these fuels, external ignition will be required (spark igniter, hot

wire, et-.). In the experiments of Reference 1. 50 a 59% JP-4 (by weight)-

aluminum borohydride mntAure cotyld not be successfully ignited in the desired

region, resulting in a weak flame downstream of the spark plug used in these

experiments. Also, 'It was shown that tandem injection of JP-4 and alanaii

borohydride resulted in burnairg only when the latter was prtessýit. Ihe J P-4!

was unable to sustain combustion by ii',telf.

It appear&, then, that for most exteronai LAz nrin. application s in surpersonic
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flows one of the pyrophoric fuels must be used, although mixtures of hydro-

carbons and pyrophorics may also be possible fuels.

C. Availability and Cost

No conpideration will be give1 here to the hydrocarbon fuels which are

readily available. Of the pyrophoric fuels, pentaborane and aluminum

borohydride are by far the most expensive and most difficult to obtain. For

example, a discussion with the Mel and Propellant Product Manager at the

Callery Chemical Company revealed that they no longer manufacture penta-

borane on a production scale. Laboratory preparation of this fuel escalates

the cost to about $450 per pound.

However, a large supply of pV.ntaborane exists in inventory .about 2 x

105 pounds) at a former Callery production site in Oklahoma. Permission

to obtain the fuel from this source must be obtained from the Air force,

and the price is of the order of $15 per pound.

A similar situation exists with aluminum borohydri~le. A former manu-

facturer of this compound (Metal Hydrides, Inc., Beverly, Massu.) no longer

produces the fuel except on a small laboratory scale. Under these circum-

stances the cost is of the order of $50, 000 for the, initial two pound batch

On the other hand, the remaining pyrophoric fuels are readily available

at far lower cost from such firms as Texas Alkyls and the Ethyl Corp. For

example, in 32 pound cylinders a recert Texas Alkyl Price Schedule (2/18/63)

indicates the cost of TEA as $2 15 per pound. In very large quantities.Ui.e.

30, 000 lbs. or greater), the price drops to $1. 50 per pound, Eqi valent

prices iold for the other pyrophoric fuets.
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From the above, it may be concl..,K-d •Lt , h sa.la ,ruta~:•.x

jof pentaborane or aluminum borohydride ii re•lurneci, on&e ý ie I, r,

readily available pyrophoric fuels must be employed.

r
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V. CON LUSIONS

.A z,,,rvey •as been made of a large number of fuels in an effort to

determine the most suitable for use in a specified external burning appli-

cation, The original list of 27 fuels in five classes is reduced, after a

preliminary evaluation, to nine acceptable fuels: JP-4, JP-5, acetylene,

TEA, TMA, TEB, TBB, pentaborane and aluminum borohydride. The latter

six of these fall into the class of pyrophoric fuels. Mixtures of JP and pyro-

phorics may also prove acceptable.

Additional limitations tend to reduce this list still further. For example,

under the flight conditions of interest, spontane ous ignitioti of jP-4, JP-5

and-acetylene is marginal. As a result, one of the pyrophorics must very

likely be used.

At the lower condition of cone surface tempey'ature (1350F) the high

spontaneous ignition temperature of TBB ({190°F') makes this fuel unaccept-

able. In addition, availability of pentaborane and aluminum borohydride is

extremely restricted, and prices are very high.

As a result, for most missions carzied out in the sp¢cified ranges of

flight conditions, the three pyrophoric fuels, TEA, TMA, and TEB appear

to be the most satisfactory.
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